ABSTRACT Light brown apple moth, Epiphyas postvittana (Walker), is a quarantined pest in most countries. Its establishment in California and potential spread to other parts of the state and beyond make it urgent to develop effective postharvest treatments to control the pest on fresh commodities. Fumigation with cylindered phosphine at low temperature has emerged to be a practical methyl bromide alternative treatment for postharvest pest control on fresh commodities. However, its use to control E. postvittana eggs on sensitive commodities such as lettuce is problematic. E. postvittana eggs are tolerant of phosphine and long phosphine treatment also injures lettuce. In the current study, E. postvittana eggs were subjected to oxygenated phosphine fumigations to develop an effective treatment at a low storage temperature of 2ЊC. In addition, soda lime as a CO 2 absorbent was tested to determine its effects in reducing and preventing injuries to lettuce associated with phosphine fumigations. Three-day fumigation with 1,000 ppm phosphine under 60% O 2 achieved 100% mortality of E. postvittana eggs in small-scale laboratory tests. In the presence of the CO 2 absorbent, a 3-d large-scale fumigation of lettuce with 1,700 ppm phosphine under 60% O 2 resulted in a relative egg mortality of 99.96% without any negative effect on lettuce quality. The 3-d fumigation treatment without the CO 2 absorbent, however, resulted in signiÞcant injuries to lettuce and consequential quality reductions. The study demonstrated that oxygenated phosphine fumigation has the potential to control E. postvittana eggs and the CO 2 absorbent has the potential to prevent injuries and quality reductions of lettuce associated with long-term oxygenated phosphine fumigation.
Light brown apple moth, Epiphyas postvittana (Walker) (Lepidoptera: Tortricidae), has a very limited distribution including New Zealand, Ireland, Great Britain, New Caledonia, and Hawaii; a broad host range covering Ͼ500 plant species including many economically important horticultural and agricultural crops; and is quarantined in most countries (Johnson et al. 2007, California Farm Bureau Federation [CFBF] 2008, Brockerhoff et al. 2011) . As it has become established in California and could spread further to other parts of the state and beyond, there is an urgent need to develop effective postharvest treatments to control the pest on various fresh commodities to safeguard their export and domestic distribution.
Currently, methyl bromide fumigation is required to control E. postvittana on exported fresh fruits from California . However, methyl bromide fumigation may not be sustainable in the future and it also injures some delicate fresh commodities including lettuce. Fumigation with cylindered pure phosphine free of ammonia has been used successfully at low temperatures to control some pests on fresh fruits in Chile Horn 2004, Horn et al. 2005) and has potential to be a practical alternative to methyl bromide fumigation on fresh commodities. Oxygenated phosphine fumigation (fumigation in oxygenenriched atmosphere) was found to have signiÞcantly higher efÞcacy and shorter treatment times than regular phosphine fumigation against any given life stage or insect species tested and may be more suitable for fresh commodities than regular phosphine fumigation (Liu 2011 (Liu , 2012 .
Even though cylindered phosphine is pure and free of ammonia, longer treatment of 3 d for controlling more tolerant insects such as the aphid Nasonovia ribisnigri (Mosley) (Homoptera: Aphididae) still causes injuries to both romaine and iceberg lettuce (Liu 2012) . Shorter (Յ24 h) phosphine fumigation at low temperature is effective in controlling western ßower thrips, Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae), without any negative impact on postharvest quality of lettuce and other commodities (Liu 2008) . It was further determined that an accumulation of CO 2 from lettuce respiration in the fumigation chamber was the cause of injuries to lettuce in long phosphine fumigations and the injuries can be prevented by using a CO 2 absorbent (Liu and Liu 2014a,b) .
E. postvittana adults lay egg masses mostly on upper leaf surfaces and stems of host plants (Danthanarayana 1975, Powell and Common 1985) . Therefore, most horticultural plants and leafy vegetables infested by E. postvittana will need to be treated to control all life stages, including eggs. However, it is problematic to control E. postvittana eggs on lettuce, as lettuce is very sensitive to CO 2 (Lipton et al. 1972 ) and E. postvittana eggs are fairly tolerant of phosphine . Four-day fumigations fail to achieve complete control of eggs regardless of the phosphine concentrations at 5Ð15ЊC. Oxygenated phosphine fumigations under 60% O 2 take 3 d to control E. postvittana eggs at 5 and 10ЊC . A fumigation treatment of 3 d in an oxygen-enriched atmosphere will likely cause injuries to lettuce. In the current study, oxygenated phosphine fumigation was studied to develop an effective treatment to control E. postvittana eggs at a low storage temperature of 2ЊC and CO 2 absorbent was tested in fumigations to determine whether it could prevent potential injuries associated with phosphine fumigation treatment on lettuce.
Materials and Methods
Insect. E. postvittana was reared on artiÞcial pink bollworm diet (Miller et al. 1996) at the U.S. Department of AgricultureÐAnimal and Plant Health Inspection ServiceÐPlant Protection and QuarantineÐCenter for Plant Health Science and Technology (USDA-APHIS-PPQ-CPHST) unit in Salinas, CA. Moths were held in cages and fed 10% sucrose solution in saturated cotton dental wicks for mating and oviposition, and corrugated wax papers were provided as oviposition substrates. Egg sheets were collected Յ24 h for fumigation experiments.
Lettuce. Vacuum-cooled commercial iceberg and romaine lettuce from Salinas Valley were supplied by Tanimura & Antle Fresh Foods, Inc. (Salinas, CA) one day after harvest and were immediately cooled to 2ЊC and used in fumigation treatments. Iceberg lettuce was individually wrapped in perforated plastic sleeves and packed in lettuce cartons (24 heads per carton). Romaine lettuce was packed in a group of three heads in perforated bags, and then packed in lettuce cartons (12 bags per carton). All lettuce was identiÞed to individual cultivars at harvest, and they were ÔTellu-rideÕ, ÔSpyglassÕ, and ÔTombstoneÕ for iceberg lettuce and ÔGreen ThunderÕ, ÔSun ValleyÕ, and ÔZumaÕ for romaine lettuce.
Chemicals. A fumigant sample containing 1.6% (vol: vol) pure phosphine balanced with nitrogen in a compressed gas cylinder (Cytec Canada, Inc., Niagara Falls, ON, Canada) was used in the study. Commercial zero grade oxygen (99.8% purity) in a compressed gas cylinder was used in the fumigation treatments. Soda lime (SodaSorb, W. R. Grace, Cambridge, MA) was used as a carbon dioxide (CO 2 ) absorbent.
Fumigation of E. postvittana Eggs. E. postvittana eggs were fumigated with 1,000 ppm phosphine under 60% O 2 in 1.9-liter glass jars at 2ЊC for different durations to determine an effective treatment time. Egg sheets were cut into small pieces each with around 100 eggs and placed individually in small plastic vials (3 cm in diameter by 7 cm in height). A piece of yellow sticky card was suspended in each vial to trap neonates emerged from surviving eggs. Five vials containing eggs and a vial containing moist paper towel (15 ml of water) for maintaining moist condition were sealed in each jar with a lid. The lid was equipped with two quick-disconnect adaptors with locks (Cole Parmer, Vernon Hills, IL). The jars with eggs were held at 2ЊC overnight in a temperature chamber which was a refrigerator (Lab-Line Instruments, Melrose Park, IL) equipped with an external temperature controller for acclimation. The 60% O 2 conditions were then established in each jar by ßushing the jars with oxygen gas from a compressed cylinder through a ßowmeter at Ϸ1.0 liter/min, and an oxygen analyzer (model 810, IL Instruments, Inc., Johnsburg, IL) was used to monitor oxygen levels in the jars. After Ϸ1 h of holding the jars with 60% O 2 at 2ЊC, a predetermined volume of air was removed from each jar and the same volume of 1.6% phosphine sample from a preloaded foil bag was injected with a gastight syringe into the jar under a fume hood to establish 1000 ppm phosphine. After phosphine injection, all jars including controls were held at 2ЊC for 40, 48, 56, 64 , and 72 h to complete fumigation treatments. At the end of each treatment duration, phosphine concentrations in the respective jars were measured with a HewlettÐPackard 6890N gas chromatograph (Agilent Technologies, Santa Clara, CA) equipped with a ßame photometric detector using the procedures described previously (Liu 2012) . The 1.6% phosphine sample was diluted in series in foil bags to serve as standards for calibrations. Phosphine concentrations in jars were stable and remained within 15% below the 1,000 ppm target. After fumigation treatments, vials with eggs were held at 22ЊC, a photoperiod of 14:10 (L:D) h, and 90 Ð95% relative humidity (RH) as monitored using a data logger (Hobo data logger, Onset Computer, Bourne, MA) in an environmental chamber (Percival ScientiÞc, Perry, IA) for Ն2 wk to allow all surviving eggs to hatch and neonates to be trapped on the sticky cards. The unhatched eggs and neonates on the sticky cards were then counted to determine egg survivorship. Each treatment was replicated eight times and a total of 25,877 eggs were used.
Fumigation of Lettuce With and Without CO 2 Absorbent. Three-day phosphine fumigations of lettuce under 60% O 2 with and without CO 2 absorbent were conducted in 442-liter fumigation chambers (Liu 2012) at 2ЊC in walk-in coolers to demonstrate injuries associated with the long fumigation and effectiveness of CO 2 absorbent in preventing such injuries. The two fumigation treatments with the same phosphine dose were conducted in two chambers, one with CO 2 absorbent and the other without CO 2 absorbent. Each chamber had two cartons of iceberg lettuce and two August 2014 LIU ET AL.: OXYGENATED PHOSPHINE FUMIGATION FOR E. postvittanacartons of romaine lettuce with six heads of iceberg lettuce and nine heads of romaine lettuce removed from each carton of iceberg and romaine lettuce respectively as controls.
For the fumigation treatment with CO 2 absorbent, the total amount of lettuce in each chamber was 41.2Ð 45.4 kg. The amount of soda lime used was 255.2Ð281.5 g based on a previous estimate of 6.2 g/kg for scrubbing all CO 2 in 72 h (Liu and Liu 2014a,b) . The CO 2 absorbent was wetted with water and spread in a 40-by 30-cm tray, and placed on top of the lettuce cartons in the fumigation chamber. E. postvittana egg sheets in 1-liter plastic cups (Fabri-Kal, Kalamazoo, MI) sealed with 0.35-mm mesh-screen covers were included in the fumigation treatment with CO 2 absorbent to determine efÞcacy in controlling E. postvittana eggs. In total, 650 Ð 850 eggs on the egg sheet estimated visually were setup in each plastic cup with moist paper towels (15 ml of water). A yellow sticky card was suspended in the cup to trap neonates emerged from surviving eggs. For each replicate, one cup with eggs was held in the cooler as control. Four cups were randomly positioned in each treatment chamber. The fumigation chambers were sealed air tight with Vaselinegreased rubber gaskets compressed between the rim of the chamber and a lid using a series of clamps. Each chamber was vacuum tested to ensure an airtight seal.
Oxygen from a compressed cylinder was then released through a ßow meter at Ϸ5 liters/min into each chamber to establish the 60% O 2 . The air from an outlet of each chamber was linked to an oxygen meter (model 901, Quantek Instruments, Grafton, MA) to monitor the oxygen level in the chamber. The two target phosphine levels were 1,000 and 1,700 ppm. A 28-liter volume sample of 1.6% phosphine was used for the 1,000 ppm phosphine fumigation and a 49-liter volume sample was used for the 1,700 ppm phosphine fumigation. The phosphine sample was released into each chamber from a 3.8-liter sample cylinder equipped with a pressure gauge. The volume of phosphine sample was calculated based on differential pressure readings on the sample cylinder as described in an earlier study (Liu 2012) . The pressure inside each chamber was balanced to ambient air pressure by allowing air in the chamber to ßow into a 3,700-cm 2 empty foil bag connected to each chamber. The chambers were then kept sealed during the 3-d fumigation. The temperature was monitored with TemperatureÐ RH Data Loggers (Onset Computer Corporation, Inc., Pocasset, MA).
Phosphine levels were measured using a GC (Liu 2012 ) eight times in each fumigation, 30 min after the start of the fumigation, every early morning and later afternoon, and before the end of the experiment. At each time of monitoring, one phosphine sample of Ϸ20 ml was taken from each fumigation chamber using a 25-ml gas-tight syringe. Phosphine standards were also analyzed on GC each time when phosphine samples were analyzed. During the 3-d fumigation, the average phosphine concentrations were 864 ppm for the lettuce without CO 2 absorbent and 847 ppm for the lettuce with CO 2 absorbent and E. postvittana eggs. In the second experiment, the initial phosphine concentration was elevated to around 1,700 ppm. During a 3-d fumigation period, the average phosphine concentrations were 1,485 ppm for the fumigation without CO 2 absorbent, and 1,446 ppm for the fumigation with the absorbent. At the end of fumigation, the chambers were ventilated for at least 3 h. All eggs were held at 22ЊC, a photoperiod of 14:10 (L:D) h, and 90 Ð95% RH in an environmental chamber for Ն2 wk to allow surviving eggs to hatch and neonate larvae to be caught on the sticky cards. The neonate larvae caught on the sticky cards and unhatched eggs were then counted to determine egg survivorship. The lettuce from the second experiment with the higher phosphine level was stored a 2ЊC in a walk-in cooler for 14 d before being evaluated for injury and postharvest quality.
Heads of iceberg lettuce were weighed individually, inspected for external injuries, and scored for external quality, and were then vertically cut twice across to inspect for internal injuries and quality. Romaine lettuce heads were inspected individually for external injuries and quality, and were then cut once vertically to inspect internal injuries and quality. Lettuce quality and injuries were assessed as described previously (Liu 2008 (Liu , 2012 , using the quality score system and the standards of visual quality of Kader et al. (1973) and Morris et al. (1974) . Lettuce quality scores ranged from 1 (extremely poor) to 9 (excellent) with 3, 5, and 7 representing poor with excessive defects, fair with slightly to moderately objectionable defects, and good with minor nonobjectionable defects, respectively. Scores 2, 4, 6, and 8 were used for quality between the grades. Presence and absence of injuries were recorded as 1 and 0 for statistical analysis.
Each treatment was replicated three times. In total, 10,109 and 13,214 eggs were used in fumigations with 1,000 and 1,700 ppm phosphine, respectively. In total, 288 heads from three cultivars of iceberg lettuce in 24 cartons and 432 heads from three cultivars of romaine lettuce in 24 cartons were used in the second experiment of 1,700 ppm phosphine fumigation.
Data Analyses. The relative egg mortality rates for each treatment in each test were calculated based on mortality rate in the control as: (Control survival percentage Ϫ Treatment survival percentage)/Control survival percentage ϫ 100 (Abbott 1925) . The relative egg mortality data were then subjected to one-way analysis of variance (ANOVA). TukeyÕs honestly signiÞcant difference (HSD) multiple range test was used to compare means among treatments. Weights of iceberg lettuce, quality scores, and injury percentages of lettuce were also analyzed using one-way ANOVA. Means were compared using TukeyÕs HSD multiple range test in each experiment. All statistical analyses were conducted using the Þt model platform of JMP statistical discovery software version 10 (SAS Institute 2012).
Results

Effects of Oxygenated Phosphine Fumigation on E.
postvittana Egg Mortality. In the small-scale fumigations in jars, 1,000 ppm phosphine fumigations under 60% O 2 at 2ЊC resulted in a 82.1% relative mortality of E. postvittana eggs in 40 h. The mortality rate increased gradually with treatment time and reached 99.5% in 64-h, and 100% in the 72-h treatment (Table 1) . There were signiÞcant differences among different treatment times (F ϭ 54.23; df ϭ 4, 35; P Ͻ 0.0001). In the large-scale fumigations of lettuce in the 442-liter chambers in the presence of CO 2 absorbent, the 3-d fumigation with 1,000 and 1,700 ppm phosphine under 60% O 2 resulted in 96.36 and 99.96% relative mortalities of E. postvittana eggs, respectively ( Table 2) .
Effects of Oxygenated Phosphine Fumigations With and Without CO 2 Absorbent on Lettuce Quality. CO 2 absorbent prevented injury associated with the 3-d phosphine fumigation and resulted in better lettuce quality. Iceberg lettuce from phosphine fumigation with CO 2 absorbent had signiÞcantly higher external quality than the lettuce from fumigation without the absorbent and the control (F ϭ 12.69; df ϭ 2, 285; P Ͻ 0.0001; Table. 3). The internal quality of iceberg lettuce from fumigation with CO 2 absorbent was signiÞcantly higher than that of fumigated lettuce without the absorbent but not signiÞcantly different from that in the control. The internal quality of control lettuce was also signiÞcantly higher than that of fumigated lettuce without the absorbent (F ϭ 21.16; df ϭ 2, 285; P Ͻ 0.0001).
Iceberg lettuce fumigated in the presence of CO 2 absorbent had signiÞcantly lower percentage of heads with external injury than lettuce fumigated without the absorbent and the control lettuce (F ϭ 5.17; df ϭ 2, 285; P ϭ 0.0063). Lettuce fumigated in the presence of CO 2 absorbent also had signiÞcantly lower percentage of heads with internal injuries than lettuce fumigated without the absorbent. There was no signiÞcant difference between the treatment with CO 2 absorbent and the control in internal injury. The percentage of control heads with internal injury was also signiÞ-cantly lower than that of fumigated lettuce without CO 2 absorbent (F ϭ 13.19; df ϭ 2, 285; P Ͻ 0.0001). The head weight of iceberg lettuce was not signiÞcantly different among control lettuce (745.5 g), fumigation without absorbent (745.6 g), and fumigation with absorbent (733.4 g; F ϭ 0.26; df ϭ 2, 285; P ϭ 0.77; Table 3 ).
For romaine lettuce, there were no signiÞcant differences in external or internal lettuce quality scores between treatments without CO 2 absorbent and the controls. However, lettuce from oxygenated phosphine fumigation with CO 2 absorbent had signiÞ-cantly higher external and internal quality scores as compared with those from the controls and the treatments without the absorbent (F ϭ 8.10; df ϭ 2, 429; P ϭ 0.0004 and F ϭ 9.02; df ϭ 2, 429; P ϭ 0.0001, respectively; Table 3 ). Lettuce from fumigation with CO 2 absorbent had 8.6% heads with external injury. This was signiÞcantly lower than the 20.0% of heads with injury for the fumigation without CO 2 absorbent, but not statistically signiÞcantly different from the 14.3% of heads with injuries for the control (F ϭ 4.35; df ϭ 2, 429; P ϭ 0.0135). There was no signiÞcant difference in internal injuries among the lettuce treatments (Table 3).
Among the six cultivars (Telluride, Spyglass, Tombstone, Green Thunder, Sun Valley, and Zuma) of iceberg and romaine lettuce, a total of eight cartons of Telluride were used. The external quality score of phosphine-fumigated Telluride lettuce with CO 2 absorbent was signiÞcantly higher than that for fumigated lettuce without absorbent but not signiÞcantly different from the control (F ϭ 5.67; df ϭ 2, 189; P ϭ 0.004; Fig. 1) . Similarly, the external injury percentage of fumigated Telluride lettuce with CO 2 absorbent was signiÞcantly lower than that for fumigated lettuce without the absorbent but not signiÞcantly different from the control (F ϭ 3.07; df ϭ 2, 189; P ϭ 0.049). In contrast, the internal quality score of fumigated Telluride lettuce in the presence of CO 2 absorbent was Each treatment was replicated eight times with a total of 40 vials. Corrected mortality was mortality corrected for control mortality using the AbbottÕs method (Abbott 1925) . Mortality values within each column followed by the same letters were not signiÞcantly different based on TukeyÕs multiple range test (P Ͼ 0.05, SAS Institute 2012). Corrected mortality was mortality corrected for control mortality using the AbbottÕs method (Abbott 1925) .
signiÞcantly higher than those of fumigated lettuce in the absence of the absorbent and the control (F ϭ 11.63; df ϭ 2, 189; P Ͻ 0.0001). The internal injury percentage of fumigated lettuce in the presence of the absorbent was signiÞcantly lower than those of fumigated lettuce in the absence of the absorbent and the control (F ϭ 5.0; df ϭ 2, 189; P Ͻ 0.0076). There were no signiÞcant differences between the internal quality scores or injury percentages for fumigated lettuce with the absorbent and the control. The fumigated lettuce without the absorbent had the lowest internal quality score and the highest internal injury percentage (Fig. 1) . The weight of Telluride lettuce was not signiÞcantly different among the treatments (F ϭ 0.25; df ϭ 2, 189; P ϭ 0.78).
Discussion
Oxygenated fumigation with 1,000 ppm phosphine at 2ЊC successfully controlled E. postvittana eggs in 72 h in small-scale laboratory tests. In the 3-d large fumigation chamber trials with lettuce and CO 2 absorbent, the mortalities of E. postvittana eggs were 96.36 and 99.96% for 1,000 and 1,700 ppm phosphine, respectively. In an earlier study, 1,000 Ð2,000 ppm phosphine was identiÞed to be most effective against E. postvittana eggs in laboratory fumigation jar tests and 1,000 ppm phosphine under 60% O 2 completely controlled the egg hatching in 72 h at 5 and 10ЊC . The reason for the incomplete egg mortality in the large-scale trials of the current study is unclear. There were no lettuce and CO 2 absorbent in 1.9-liters fumigation jars. Phosphine level was stable. The oxygen level was also expected to stay stable. The current fumigations in 442-liter chambers were largescale treatments with lettuce and wetted CO 2 absorbent. Lettuce was expected to consume O 2 and thereby might reduce O 2 below 60% level. This may cause reduction in efÞcacy. For large-scale experiments in fumigation chambers, the eggs were not prechilled. It is unknown whether prechilling contributed to mortality in the small-scale tests.
Eggs of E. postvittana are more tolerant of phosphine fumigation than other life stages . A phosphine treatment to control E. postvittana eggs would also control other life stages. E. postvittana eggs typically take 5 d to Ͼ30 d to hatch depending on temperature. The mean duration of the egg stage is 5Ð7 d at 28ЊC (Johnson et al. 2007 ). Eggs at the earlier stage of development are more tolerant of phosphine as compared with eggs at a later stage of development (Howe 1974, Shazali and Reichmuth 1999 ). In the current study, all E. postvittana eggs were within 24 h old before they were used in fumigation treatments. They could be expected to be the same as or more tolerant of phosphine treatments than eggs of Ͼ24 h. Thus, the fumigation treatments that controlled E. postvittana eggs in this study should control eggs at all developmental stages.
Scrubbing CO 2 was effective in preventing lettuce injury and quality reduction associated with the 3-d phosphine fumigation at low temperature. The results are consistent with the previous Þndings that a 3-d hermetical sealing of lettuce in fumigation chambers results in a CO 2 accumulation and injuries to lettuce and CO 2 absorbent prevents injuries in both a 3-d hermetical storage of lettuce and a 3-d phosphine fumigation of lettuce (Liu and Liu 2014a,b) . These results also showed that lettuce injuries and quality reduction associated with phosphine fumigations were not caused by phosphine. Moreover, lettuce fumigated in the presence of CO 2 absorbent had less injuries and better quality as compared with controls. This also conÞrmed our previous results that CO 2 absorbent is beneÞcial in preserving lettuce postharvest quality during the cold storage (Liu and Liu 2014a) . After harvest, lettuce in cold storage will maintain high respiration rates for up to 4 d (Martṍnez and Arté s, 1999). Scrubbing CO 2 immediately after harvest in cold storage as in the 3-d phosphine fumigation will likely reduce impact of the high CO 2 release after harvest on postharvest quality.
The volume of lettuce in each fumigation chamber was Ϸ46 Ð51 liters based on the weight of 41.2Ð 45.4 kg in each phosphine fumigation with CO 2 absorbent and an estimated density of 0.89 kg/liter (Y.-B.L., unpublished data). The lettuce volume was expected to yield a Ͻ12% loading ratio of the product volume over the chamber volume. This value is likely to be considerably lower than most commercial fumigations such as in loaded shipping containers or fumigation chambers. Therefore, it is expected that the problem of CO 2 accumulation and consequential injuries to lettuce may be more severe in the long-term commercial phosphine fumigation of lettuce. Scrubbing CO 2 is expected to be critical to prevent or reduce phytotoxicity to lettuce caused by CO 2 accumulation in long-term commercial scale phosphine fumigation treatments.
It is interesting to note that internal quality of fumigated iceberg lettuce without CO 2 absorbent was signiÞcantly lower and the internal injury was significantly higher than that of control lettuce, while the external quality and injury of fumigated lettuce with CO 2 absorbent was not signiÞcantly different compared with that of control lettuce (Table 3 ; Fig. 1 ). This is likely caused by a lack of ventilation in the chambers and reduced CO 2 dispersal from the heart to the surface of the lettuce head especially for the heavy heads. The heart of iceberg lettuce may have higher respiration activity, as it is the growth point, and therefore higher CO 2 release rate as compared with the mature outer wrapping leaves. The higher sensitivity of iceberg lettuce to CO 2 than romaine lettuce in this study was also consistent with the previous Þndings that iceberg lettuce is more susceptible to develop physiological disorders (Lipton et al. 1972 , Saltveit 2004 ).
Oxygenated phosphine is more effective and has shorter treatment times in controlling various insects than regular phosphine fumigation (Liu 2011) . It was also suggested that oxygenated phosphine fumigation can be safely conducted especially on fresh commodities, as oxygen has suppression effects on phosphine ignition and can also be safer for product quality because of reduced treatment time (Liu 2011 (Liu , 2012 . However, E. postvittana eggs were very tolerant of phosphine and required a minimum of 72 h oxygenated phosphine fumigation to control. More research is needed to optimize oxygenated phosphine fumigation to achieve complete control of E. postvittana eggs. The successful prevention of injuries and quality reductions of lettuce by CO 2 absorbent in the 3-d oxygenated phosphine fumigation suggests that safe and effective long-term oxygenated phosphine fumigation treatments are possible to control E. postvittana eggs on lettuce and CO 2 absorbent may also have potential to be used in developing safe phosphine fumigation treatments for other sensitive fresh commodities.
